Genetic control of the development of the nervous system has been studied most intensively in Drosophila and in amphibia. The different technology applied for each species has given rise to rather different views of neurogenesis. In Drosophila, where saturation mutagenesis is possible, the isolation and study of the proneural genes has shown that activation of these genes at appropriate places in the ectoderm is the prime force governing development of neural tissues. In the absence of expression of proneural genes, cells differentiate as epidermis. In amphibia, on the other hand, the emphasis has mainly been on the study of neural induction and the identification of signaling molecules originating in the mesoderm underlying the ectoderm, leading to the idea that neural induction is a permissive process that serves to remove an inhibitor that otherwise represses neuron-specific genes. Do these differences really reflect different developmental strategies: positive control of neurogenesis in Drosophila and negative control in vertebrates? Several recent papers describe both positive and negative factors in vertebrates, thus revealing greater similarities with Drosophila. However, to accommodate the increased complexity, additional tactics may have evolved in vertebrates.
Proneural Genes and the Default State of the Ectoderm
In Drosophila the proneural genes of the achaete-scute (ac-sc) complex and atonal encode basic-helix-loop-helix transcriptional regulators; expression of these genes is thought to provide ectodermal cells with neural potential (see review by Jan and Jan, 1993) . Prior to expression of ac-sc, the default state of the ectoderm is to give rise to epidermis, since in the absence of all proneural genes the cells differentiate as epidermis (Heitzler and Simpson, 1991 ;  this experiment was performed on the imaginal ectoderm; not all proneural genes for the embryo are known and thus cannot all be removed). Similarly, ectopic activation of ac-sc within the ectoderm leads to the development of ectopic neural precursors. Thus, these genes act as a switch allowing cells to flip between the neural and epidermal fates. The ac-sc homologs in C. elegans behave similarly (Zhao and Emmons, 1995) .
The main difference beween Drosophila and the vertebrates is that, in the latter, the nervous system forms as the result of an induction from a different tissue type, the dorsal mesoderm (Figure 1 ). Previously, it was believed that neural induction was required to activate neuralspecific genes, and that in the absence of induction the ectoderm would differentiate as epidermis. Indeed, isolated animal caps do differentiate as epidermis. However, if the explants are dissociated for a period of time and then reaggregated, the cells express neural markers (see reviews by Green, 1994, and Harland, 1994) . This observation suggests that cell-cell communication is required to repress neural-specific genes and maintain the epidermal fate. It was thus postulated that neural induction is permissive rather than instructive and antagonizes an inhibitor of the neural fate.
It was further hypothesized that an endogenous activin or activin-like signal may inhibit the neural fate: animal caps expressing dominant-negative truncated activin receptors, which would block signal transduction, activate Figure 1 . A Speculative Schema of the Interplay between Different Genes Controlling Vertebrate Neurogenesis neural markers (Hemmati-Brivanlou and Melton, 1994) . Support for this proposal came from the study of follistatin, an activin antagonist that induces anterior neural markers, which is localized to tissues that normally have neuralinducing activity and could therefore prevent the inhibiting function of activin-like molecules and induce the neural fate (see reviews by Green, 1994, and Harland, 1994) . Recently, another transforming growth factor 1~ family member, Bmp4, has also been found to be expressed in gastrula animal caps in Xenopus. Unlike activin, it can induce epidermis and prevent neuralization of disaggregated animal cap cells, thus substituting for the intercellular signals lost at dissociation (Wilson and Hemmati-Brivanlou, 1995) . Furthermore, injection of Bmp4 antisense RNA causes neuralization (Sasai et al., 1995) . Thus, Bmp4 is required to prevent neuralization. Truncated activin receptor but not follistatin can block Bmp4 activity. Indeed, it now seems unlikely that follistatin is the only neural inducer; development of the neural tube in mice in which follistatin has been inactivated occurs normally (Matzuk et al., 1995) .
There may be considerable redundancy during neural induction. Indeed, other potential neural inducers have been found, such as chordin, noggin, fibroblast growth factor, and hepatocyte growth factor, that can also cause the activation of neural markers in the absence of mesoderm. Bmp4 can antagonize the neuralizing activity of chordin (Sasai et al., 1995) . This is interesting because in Drosophila Decapentaplegic and Short gastrulation, homologs of Bmp4 and chordin, respectively, act antagonistically to define the dorsal limit of the neuroectoderm. Sasai et al. (1995) suggest that neural induction is the result of a dorsalization of the ectoderm induced by antagonism of Bmp4. The mode of action of follistatin, chordin, and noggin is unknown. They could therefore be positive inducers whose activity leads to activation of neural-specific genes. Indeed, a proneural gene, XIPou2, has been shown to be induced by noggin (Witta et al., 1995) . Thus, neural induction could involve both positive and negative influences.
An alternative approach to understanding development of the nervous system in vertebrates has been to search for genes homologous to those described in Drosophila. Thus, ac-sc homologs are found that are expressed exclusively in neural tissues. Mash1 and XASH-1 are expressed in parts of the central and peripheral nervous systems. As in Drosophila, their expression is transient: it precedes that of neuron-specific markers and ceases as overt differentiation begins. A mouse Mash1 knockout displays a loss of most olfactory sensory neurons and sympathetic autonomic neurons (Guillemot et al., 1993) . It has been argued that these genes do not have proneural activity because in Mash1 mutant embryos the precursors of these peripheral neurons do form but then fail to differentiate into neurons; in addition, there is no effect on the CNS. Also, ectopic expression of these genes fails to convert a variety of cell types into neuronal cells (in contrast to the MyoD family of muscle genes; see review by Jan and Jan, 1993) . However, the ac-sc genes of Drosophila do not display all of these proneural properties either. It is likely that a number of other, undiscovered proneural genes exist. In Drosophila embryos deficient for the known proneural genes, neurons in a number of subgroups are still able to differentiate. In vertebrates atonal homologs have only recently been described. Furthermore, another member of the ac-sc family, XASH-3, from Xenopus, does display proneural activity (Ferreiro et al., 1994; Turner and Weintraub, 1994) . It is detected in the neural plate much earlier than XASH-1; ectopic expression of XASH-3 leads to enlargement of the neural tube as presumptive epidermal and neural crest cells take on a neural fate. Assay of ectodermal caps of animals injected with XASH-3 mRNA revealed activation of neuron-specific genes, although this activation is stable only if noggin mRNA is simultaneously injected.
The function of proneural genes has thus been conserved from Drosophila to vertebrates. It is possible that, in both cases, the ectoderm differentiates as epidermis when proneural and other neuron-specific genes are not expressed. In the absence of known regulators, the default state is epidermal. In Drosophila this results from a failure to activate the proneural genes. Since there are no known regulators for the epidermal fate, this simple cell type would then differentiate by default. In vertebrates epidermis results, at least in part, from the active repression of neuron-specific genes that would otherwise be expressed. In Xenopus low levels of the proneural XASH-3 mRNA are present as early as the mid-blastula transition and increase dramatically at gastrulation (Turner and Weintraub, 1994) . Thus, these genes may already be functional and may be actively repressed by activin/Bmp4 signaling. Neural induction would relieve this repression.
In the ectoderm of the Drosophila embryo, proneural genes are activated by anterior-posterior and dorsal-ventral patterning genes in precise domains. Within these proneural domains, single, spaced cells are chosen to become neural precursors; the remaining cells cease ac-sc expression and become epidermal. The choice of neural precursors depends on Notch-mediated cell communication. In my view, the only function of Notch in neurogenesis is to restrict the proportion of neural precursors. This process, too, seems to have been conserved in vertebrates (Chitnis et al., 1995) . Notch signaling would thus take place within previously determined proneural domains and have nothing to do with the determination of the neural fate per se.
RESTINRSF: A General Repressor of the Neural Fate
The default model of vertebrate neural development implies the existence of repressors of neuron-specific genes and that all embryonic tissues would be subject to such repression (Hemmati-Brivanlou and Melton, 1994) . Two recent papers describe a protein that has properties appropriate for such a repressor (Schoenherr and Anderson, 1995; Chong et al., 1995) . The isolation of this factor resulted from the prior description of a silencer element found upstream of several neural-specific genes: SCG 10, human synapsin I, and the type II sodium channel. Deletion or mutation of this 21 bp element, called RE1 or NRSE, causes aberrant expression of a transgene in nonneuronal tissues. The silencer elements in all three genes form complexes with a protein present in extracts of nonneuronal cells.
The cDNA for this protein was isolated from screens using the Nail silencer element as a probe. Sequence analysis predicts a protein of 121 kDa that contains a cluster of eight zinc fingers at the amino terminus and a lone zinc finger just upstream of the translational stop codon. These are of the C2H2 class with interfinger sequences that place the protein in the GLI-KrLippel family. The protein, known as REST (REl-silencing transcription factor) or NRSF (neuron-restrictive silencer factor), was shown to mediate repression through the NRSE in PC12 cells. Furthermore, expression of a dominant-negative form derepresses the Nail promoter in skeletal muscle cells, presumably by competition with the endogenous protein. In situ hybridization revealed that REST/NRSF is expressed in many nonneuronal tissues in the embryo and adult, consistent with a role as a quasi-ubiquitous negative regulator of the neural fate. The mRNA is also found in subsets of neurons in the PNS and in proliferating neuroblasts of the CNS prior to their differentiation as neurons.
In contrast, then, to positive regulators of the neural fate, such as the proneural proteins, REST/NRSF would seem to be a negative regulator of the neuronal phenotype. A study of the database revealed that 14 other neuronal genes contain the silencer element. This suggests that REST/NRSF could coordinately repress a battery of neuron-specific genes. Not all neuron-specific genes are regulated by REST/NRSF, however, and others may be positively regulated by the proneural genes.
Determination and Differentiation Genes
In Drosophila the proneural genes play a role in cell determination, but their expression ceases at the stage of division of the neural precursors. They are therefore not important for differentiation of neurons. Expression of proneural genes in Drosophila is followed by the activation of pan-neural genes that are expressed in all neural precursors and thus probably control neural differentiation. There seem to be a large number of pan-neural genes, and mutation of a single one does not lead to obvious morphological abnormalities.
A recent paper by Weintraub and colleagues describes a novel neuronal differentiation gene, neuroD, in vertebrates, which encodes another basic-helix-loop-helix protein of the same family as atonal (Lee et al., 1995) . This gene is expressed transiently in postmitotic differentiating neurons of both Xenopus and the mouse, much later than Mash1, XASH-3, and the homologs of the Drosophila panneural genes. It is seen in a subset of neural tissues: derivatives of the neural crest, various placodes, and the neural tube. When ectopically expressed, neuroD converts ectodermal cells to neural tissue, and unlike XASH-3, it can also convert ventral and lateral ectoderm. Furthermore, this conversion can occur in the absence of neural induction. Overexpression of neuroD in cells of the CNS that normally express the gene causes premature differentiation of dividing neural precursors into neurons. Thus, neuroD seems to control neuronal differentiation directly.
The authors describe neuroD as a "differentiation" gene (similar to myogenin) that functions later than the "determination" genes such as the proneural genes (and MyoD and Myf5) . A neuroD equivalent has not yet been found in Drosophila, but has been described in C. elegans. Alone among the ac-sc genes in Drosophila, asense is expressed in dividing neural precursors, and its absence does cause abnormal differentiation of sensory organs. However, asense expression fades in postmitotic neurons, and its overexpression does not lead to premature differentiation of neurons. Conclusions Different experimental approaches have uncovered different aspects of neurogenesis in Drosophila and the vertebrates. In Drosophila, mutant screens have, in the main, identified unique genes. An important fraction of genes involved in neurogenesis may have escaped attention because of redundancy or multiple functions. Indeed, while there are few lethal mutations affecting the formation of the nervous system, large numbers of genes are expressed there, judging from the high frequency of enhancer-trap lines showing expression of a reporter gene in the nervous system. It is by no means clear that unique genes are more important than redundant ones. In vertebrates other approaches have led to the identification of a different set of genes; it is not yet known how many of these are indispensable. So far, redundancy at most steps of development seems to be the rule in vertebrates.
The papers discussed here argue for both positive and negative control of neuron-specific genes. Indeed, evidence has accumulated for the existence of both positive and negative transcriptional regulators in the development of many different tissues (Blau, 1992) . Hence, not only is expression of cell type-specific genes maintained, but the activity of genes that are not required is prevented by the continuous presence of transcriptional repressors. Active repression of gene activity is necessary because many genes are required in more than one cell type and have to be kept in a state that allows them to be easily reactivated at different times and in different tissues during development. This is particularly true in the case of the nervous system. The requirement in higher animals for a wider variety of neuronal cell types in many different places may have necessitated the maintainance of cells in a partially determined state so that they could divide, migrate, and produce more determined progeny before differentiation. Lee et al. (1995) argue that this requirement for the maintenance of populations of cells that are determined but undifferentiated could have led to the evolution of a further level of gene regulation brought about by the addition of inhibitory domains. Thus, in determined cells, proneural genes would be expressed but kept in a nonfunctional state by inhibitors, many of which may act posttranscriptionally to prevent terminal differentiation. Hence, today's determination genes are responsive to inhibitory factors, whereas the differentiation genes are not; e.g., XASH-3 is sensitive to inhibitory factors in the ventral and lateral ectoderm (hairy 2a), but neuroD can override these factors and cause terminal differentiation. These authors further argue that, in Drosophila, there would be less need for such inhibitory domains and therefore perhaps no need to distinguish between determination and differentiation genes, since the different neuronal cell types of the embryonic CNS form in a short period of time under the direct control of the anterior-posterior and dorsal-ventral patterning genes. However, it is worth noting that the CNS is substantially modified at metamorphosis through further division of persisting embryonic neuroblasts; the imaginal PNS forms from the later reaccumulation of proneural gene products that are indeed controlled by inhibitory factors, such as extramacrochaetae (Id) and hairy.
The newly described REST/NRSF protein could be an inhibitory factor of the kind postulated by Lee et al. (1995) , although it seems to regulate a number of structural genes directly rather than regulating earlier acting determination genes that encode transcriptional regulators. It could also fulfill the role of a repressor of the kind predicted by the neural default model, although in neural tissues the gene seems to be down-regulated at terminal differentiation rather than as a consequence of neural induction per se. However, early embryonic expression of R EST/N RSF was not studied, and the levels of expression in neural tissues are much lower than in nonneural tissues, which could reflect a different function. In Drosophila no negative regulators similar to REST/NRSF that repress late-acting structural genes are known. Nevertheless, in addition to repression in neuroectoderm, there is evidence for active repression of proneural genes in the mesoderm by the snail zinc finger protein and in dorsal tissues by the function of dorsal-specific genes. Undoubtedly, in both Drosophila and vetebrates, other positive and negative factors remain to be discovered; we look forward to further developments in this fast moving field.
